Introduction

History
Probably the first description of a patient with amyloidosis was an autopsy case in 1639, published by Nicolaes Fonteyn, a physician and well-known Dutch poet of his time, who lived in Amsterdam. In the following centuries, many other such autopsy cases have been described. The name amyloid for this amorphous and hyaline change in tissue has been derived from the iodine-staining reaction of this material that resembles that of starch (the Greek word for starch is amylon). Rudolph Virchow, a famous German pathologist, used the term amyloid for the first time in 1854. The Congo red stain was introduced in 1922 by Bennhold to identify amyloid deposits in tissue. In 1927, two Belgian researchers, Divry and Florkin, described the characteristic apple-green birefringence of Congo red in polarized light. The fibrillary nature of amyloid was detected in 1959 by the Americans Cohen and Calkins when the material was viewed under the electron microscope [1] .
Classification
Because of the uniform staining characteristics of amyloid, clinicians were puzzled by the variety of different diseases that were associated with amyloid deposition. The recognition of many inflammatory underlying diseases led to the notion of so-called secondary amyloidosis. On the other hand, diseases such as multiple myeloma and monoclonal proteins were also known to be associated with amyloid. Occasionally, there was a clear familial pattern of inheritance, but frequently the disease seemed to appear suddenly and was therefore thought to be a primary form of amyloidosis. Some pathologists tried to characterize the type of amyloid because of a particular perireticular or pericollagenous histological picture, but eventually this approach was not really useful. So, for a long time, amyloidosis was classified clinically in primary and secondary types, in familial and localized types, and in other types. This clinical classification was useful but not fully satisfactory.
In 1969, a fundamental breakthrough came because of a finding of the Israeli researcher Mordechai Pras. He discovered that, although amyloid itself was thought to be insoluble, the characterizing protein could be solubilized from amyloid in distilled water [2] . This enabled him, and many researchers after him, to chemically characterize the protein of each particular type of amyloid. In the years thereafter, many chemically different types of amyloid were discovered, leading to the current useful proteinbased classification of amyloidosis [3] .
From a clinical viewpoint, it is still important to first investigate whether or not amyloid deposition is limited to the organ or tissue where its precursor protein is produced. If so, amyloid deposition is localized. Amyloid is deemed to be systemic if the precursor protein has been produced in a different part of the body, such as bone marrow or liver, and transported by the blood stream to a distant site of amyloid deposition [3] .
The three major types of systemic amyloidosis are AL, AA, and ATTR (transthyretin-derived) amyloidosis. AL amyloidosis is caused by deposition of soluble immunoglobulin λ or κ free light chains (FLCs) as insoluble amyloid fibrils. Usually, a low-grade plasma cell clone in the bone marrow is responsible for the supply of the involved FLC. AA amyloidosis is caused by deposition of serum amyloid A protein (SAA), an acute phase protein. Usually, an underlying chronic inflammatory disease is responsible for chronically increased levels of soluble SAA that becomes misfolded and deposited as insoluble amyloid fibrils. ATTR amyloidosis is caused by deposition of transthyretin (TTR). Two types can be distinguished: a hereditary type and a type associated with old age. Mutated TTR plays a role in the hereditary type, whereas normal (wild-type) TTR plays a role in the type seen in old age. In both types, soluble TTR becomes misfolded and deposited as insoluble amyloid fibrils [3] .
Incidence and Prevalence
Incidence
Few data are available to obtain a reliable estimate of the current incidence and prevalence of systemic amyloidosis. An older small American study of 1992 about the incidence of AL amyloidosis in Olmsted county in Minnesota is still useful. In this study, the overall age-and sexadjusted 95% confidence interval was 5.1-12.8 per million inhabitants per year in the study period from 1950 to 1989 [4] . Recently, in a 2013 study in the UK, the estimated incidence of all systemic amyloidosis exceeds 8.0 per million inhabitants per year (AL 65%, AA 18%, wild-type ATTR 7%, and hereditary ATTR 10%) [5] . In a 2012 study from Sweden using data of 949 patients from 2001 to 2008, the estimated incidence of nonhereditary amyloidosis was 8.3 per million inhabitants per year: 3.2 for AL amyloidosis and 2.0 for AA amyloidosis. The diagnostic age with the highest incidence was over 65 years [6] . In a 2013 Swedish study, 221 patients with hereditary ATTR amyloidosis were found, resulting in an incidence of 2.0 per million per year. However, Sweden is one of the few countries with a large focus of hereditary ATTR amyloidosis. The highest incidence in an affected area was 100 times higher than in the rest of Sweden [7] . The risk of developing AA amyloidosis may be higher in countries with endemic infectious diseases (e.g. tuberculosis or leprosy) and autoinflammatory diseases (e.g. familial Mediterranean fever in the countries around the Mediterranean sea).
Prevalence and Survival
Very little data are available about the prevalence of systemic amyloidosis. The estimated minimum prevalence of systemic amyloidosis in the UK is 20 per million inhabitants [5] . The prevalence of AA amyloidosis is higher than that of AL amyloidosis in developing countries because of a higher prevalence of associated underlying infectious diseases. Wild-type ATTR amyloidosis affects 25% of the very old people (over 85 years of age) in Finland [8] . About 13% of the patients above 60 years having heart failure with preserved ejection fraction were thought to suffer from wild-type ATTR amyloidosis in a Spanish study [9] . In a recent British study on wild-type ATTR amyloidosis, 8 times more men than women were affected [10] . In most studies of patients with AL amyloidosis, the proportion of men is somewhat higher (about 1.1-1.3) than that of women. The reverse (more women than men) is observed in AA amyloidosis, because of a high proportion of patients (mainly women) with underlying rheumatoid arthritis [11] .
The prognosis of untreated patients was documented in older studies: the median survival was about 6-12 months in AL amyloidosis and about 3-4 years in AA amyloidosis [11] . The median survival of untreated patients with hereditary ATTR amyloidosis is almost 10 years, although some patients may survive up to 15 years. The median survival of wild-type ATTR amyloidosis is about 5 years. Using rather broad data of the Swedish study, the estimated median survival was 3 years for AL amyloidosis, 4 years for AA amyloidosis, and 6 years for localized amyloidosis [6] . The median survival for all systemic amyloidoses in the UK is about 32 months [5] .
Disease Management: Stepwise Approach
When a clinician meets a patient suspected to have amyloidosis, a stepwise approach is advised. The first step is to confirm the diagnosis using a tissue biopsy. The second step is searching for convincing evidence of localized or systemic amyloid deposition. The third step is unequivocal typing of amyloid, followed by detection and/ or quantification of the serum precursor as the fourth step. The fifth step is a thoughtful clinical assessment of severity of organ disease, associated risks, and prognosis. The sixth step is a balanced choice of the most effective treatment with acceptable risks. The final, seventh, step is planned monitoring of the course of the disease and the effect of treatment during follow-up [12] .
Diagnosis
Awareness
Awareness is essential for timely detection and treatment of amyloidosis. A clinical suspicion of amyloidosis may rise in finding otherwise unexplained phenomena, such as organomegaly (tongue, liver, or spleen), proteinuria, right-sided cardiac failure, orthostatic hypotension, peripheral polyneuropathy, autonomic neuropathy, and malabsorption. This is even more compelling if more than one of these phenomena are present. But also a family history of hereditary amyloidosis, proteinuria appearing in a patient with longstanding inflammation, unexpected symptoms in a patient with multiple myeloma or monoclonal gammopathy of undetermined significance, and an elderly man with heart failure and biventricular hypertrophic cardiac walls all may indicate the presence of systemic amyloidosis.
Detection
Amyloid can be detected by a screening biopsy in a different site of the body than where the symptoms are. After centuries of only autopsy studies, the perspective turned in 1960 when the Israeli clinicians Gafni and Sohar showed the utility of a rectal biopsy to detect amyloid in alive patients [13] . This screening method was soon generally adopted and remained for many years the gold standard for screening. Ten years later, the Swedish pathologists Westermark and Stenkvist introduced the subcutaneous fat tissue aspiration as an elegant and even less invasive screening method [14] . This method became popular in the US and in some European countries such as the Netherlands and Germany [15] . In other European countries, such as Spain and France, the labial salivary gland biopsy was preferred [16] .
Awareness, however, is frequently absent because of the rarity of amyloidosis. In that case, the diagnosis is often made by the pathologist, confronted with unexpected amorphous eosinophil tissue deposits. After staining with Congo red dye, the red-stained amyloid deposits turn to green in polarized light ( fig. 1 ), confirming the diagnosis. The Congo red stain is undisputed the gold standard for amyloid detection [3] . Electron microscopy can help to show typical amyloid fibrils in some ambiguous cases in which the Congo red stain fails to yield clear results. Recently, Swedish investigators introduced new staining methods using fluorescent oligothiophenes (e.g. hFTAA) that may have a higher sensitivity and may make it easier to detect amyloid, but probably at the expense of a somewhat reduced specificity [17] .
Typing
Immunohistochemistry is the preferred method for routine typing of amyloid in tissue, using specific antibodies. In AA amyloidosis, this technique is sufficient, provided that sensitive and specific monoclonal antibodies are used. However, immunohistochemistry is less reliable in ATTR amyloidosis and frequently even useless in demonstrating AL amyloidosis [18, 19] . DNA analysis of the TTR gene may help to demonstrate a particular TTR mutation. And an increased level of one of the two immunoglobulin light chains may be a strong indicator of AL amyloidosis. However, unequivocal typing is extremely relevant because treatment differs considerably among the different types of amyloidosis. Therefore, in cases without convincing evidence obtained by immunohistochemistry and/or with a clinical picture that can be part of AL as well as ATTR amyloidosis (e.g. isolated cardiomyopathy in an elderly man) or AL as well as many other rare genetic types (e.g. nephrotic syndrome in an atypical patient), proteomics is the preferred method to type the amyloid involved.
Proteomics has recently been developed to characterize the protein content of the amyloid by techniques such as mass spectrometry after isolating the amyloid deposits by laser microdissection [20] . These proteomics techniques have been applied successfully to both tissue biopsies and abdominal fat tissue aspirates by the American Vrana and the Italian Lavatelli [20, 21] . Therefore, difficult cases should be typed with confidence by this method. But it is still too early to replace immunohistochemistry as a routine method by these proteomic tech- niques, because they are very expensive, time-consuming, and only available in some highly specialized centers.
Disease Manifestations and Severity
Organ Disease and Amyloid Type AA amyloidosis is usually caused by some underlying inflammatory process. The usual presentation is kidney disease as reflected by proteinuria or loss of renal function. Proteinuria may vary from only a positive dipstick to frank nephrotic syndrome with massive edema. Autonomic dysfunction may cause abdominal complaints such as diarrhea and disturbed gastric emptying. Hepatomegaly and cardiomyopathy are seen, although infrequently.
AL amyloidosis is usually caused by an elevated λ or κ FLC, produced by an underlying plasma cell dyscrasia. The presentation is diverse and can vary from vague symptoms such as weight loss or fatigue to severe nephrotic syndrome, right-sided heart failure, diarrhea, or liver failure. Edema can be a sign of nephrotic syndrome, of heart failure, of liver failure, or even of all together at the same time. Hypotension can be caused by heart failure, nephrotic syndrome, and/or autonomic dysfunction. An enlarged tongue with indentations (glossomegaly) and periorbital ecchymosis are signs almost pathognomonic of AL amyloidosis.
The hereditary type of ATTR amyloidosis is caused by one of more than hundred TTR mutations. The usual clinical presentations are peripheral axonal polyneuropathy, autonomic neuropathy, carpal tunnel syndrome, cardiomyopathy, and/or vitreous opacities. Loss of renal function can directly be caused by amyloid, but also indirectly because of neurogenic bladder caused by the neuropathy.
The acquired wild-type ATTR amyloidosis is seen at old age, and its cause is unknown. Although amyloid deposits can be found in women with this disease, the clinical picture of a slowly progressive cardiomyopathy is more frequently seen in men than in women. Carpal tunnel syndrome often precedes the clinical picture of cardiomyopathy by a couple of years.
Aβ2M amyloidosis was, until some years ago, frequently observed in patients who underwent hemodialysis for more than 5 years. The precursor of this type of amyloid is β2-microglobulin, a middle molecule that could not be removed effectively by the older dialysis membranes, such as cuprophan. The frequency of this type of amyloidosis dropped after the introduction of high-performance dialysis techniques and novel dialysis membranes, such as polyacrylonitrile. The disease has become less frequent but did not disappear. The usual presentation is in the joints, beginning as shoulder pain and carpal tunnel syndrome, and progressing after some years by causing large periarticular cysts, fractures, and destructive spondyloarthropathy. Involvement of other organs, such as the heart, tongue, and large bowel, is rarely seen after many years [22] .
AL, AA, and ATTR amyloidosis are by far the most frequent types of amyloidosis [12] . However, one should always keep in mind that a patient may suffer from one of the other eleven, even rarer systemic types of amyloidosis [3] . Keeping this in mind is particularly useful for nephrologists, because most of these rarer types are associated with renal disease, such as immunoglobulin heavy chain (AH), apolipoprotein AI (AApoAI), apolipoprotein AII (AApoAII), apolipoprotein AIV (AApoAIV), gelsolin (AGel), lysozyme (ALys), leukocyte chemotactic factor-2 (ALect2), and fibrinogen α (AFib) [3] .
N-terminal pro-brain natriuretic peptide (NT-pro-BNP) and troponin T are sensitive indicators of heart involvement; serum creatinine, albumin, and proteinuria are sensitive markers of kidney involvement, and alkaline phosphatase (AP), γ-glutamyl transferase, albumin, and bilirubin are suitable markers of liver involvement [12] .
Imaging
Plain radiographs and computed tomography (CT) scans are useful to detect pulmonary and pleural disease, restrictive cardiac disease (the combination of a normally sized heart and right-sided heart failure), and joint involvement (increased soft tissue of the shoulders, wrists, or hips). Abdominal ultrasound, CT, and magnetic resonance imaging (MRI) can detect organomegaly by assessing the sizes of visceral organs, such as the liver, spleen, and kidneys.
Cardiac ultrasound is the preferred method for detecting cardiac amyloidosis in general, whereas bone scintigraphy using pyrophosphate or diphosphonates can differentiate between the ATTR (positive uptake) and AL (minimal or no uptake) type of cardiac amyloidosis ( fig. 2 ) [23] . Cardiac MRI, especially with late gadolinium enhancement, has a superior diagnostic value in case of unequivocal cardiac ultrasound results [24] . T1 myomapping is a new and promising MRI technique developed in the UK by Moon and colleagues [25] for detection and in particular for monitoring of cardiac amyloidosis. MIBG scintigraphy may help to detect early cardiac disease [26] .
FDG-PET scintigraphy frequently shows positive uptake in localized amyloidosis, whereas no uptake is found in systemic amyloidosis [27] . The German Kollmer showed recently that magnetic resonance neurography may detect structural nerve damage earlier and with a higher sensitivity than gold-standard nerve conduction studies in hereditary ATTR amyloidosis [28] .
Serum amyloid P component (SAP) scintigraphy, developed in the UK by Pepys and Hawkins, is currently the best technique to image amyloid deposition in the spleen, liver, kidneys, adrenal glands, joints, and bone marrow, but unfortunately fails to image the heart. SAP is a pentraxin isolated and purified from blood of healthy donors that binds in a calcium-dependent way to all types of amyloid. In individual cases, it can be a useful technique to monitor the amyloid load of the body and of individual organs during the course of the disease and after treatment ( fig. 3 ) . Disadvantages are its lack of general availability and the inability to image the heart [29] .
Organ Disease and Risk Assessment
Involvement of four organs should be investigated in all patients: the heart, kidney, liver, and peripheral nervous system. After the international amyloidosis symposium in France in 2004, criteria for organ involvement and treatment response in AL amyloidosis were defined in a consensus paper. The most relevant clinical data were proteinuria >0.5 g/day (for the kidney), mean cardiac wall thickness >12 mm (for the heart), liver span >15 cm or AP >1.5 times the upper limit (for the liver), and clinical data indicating peripheral or autonomic nerve disease. Criteria were also described for the involvement of the intestines, lungs, and soft tissues. In the same paper, response criteria were described for the heart, kidney, liver, and nerve [30] . The response criteria were recently updated by adding the FLC and the NT-proBNP responses [31] .
Many publications have shown that especially cardiac involvement is a prognostic bad factor as well as involvement of ≥ 3 of the four major organs. Mayo Clinic inves- tigators showed that the difference between the involved and uninvolved FLC as well as cardiac markers such as NT-proBNP and troponin T can be used to stratify patients with AL amyloidosis into four risk categories [32] .
Treatment
Precursor-Product Concept
Stopping the supply of a precursor by the elimination or suppression of an underlying precursor-producing process is the so-called 'precursor-product' concept. When the supply of necessary precursors disappears, it will halt ongoing deposition of amyloid. Using this concept, it is important to diagnose amyloidosis early and to start treatment as early as possible, thereby stabilizing the disease and preventing further progression.
AA amyloidosis should be treated by decreasing SAA serum levels to normal basal values (<3 mg/l). If this level can be reached and maintained below 10 mg/l, the 10-year survival rises to 90%, whereas in the group with median SAA levels above 10 mg/l the 10-year survival falls down below 40% [33] . The best way to achieve a normal basal serum value of SAA is by complete suppression or eradication of the underlying chronic inflammatory disease. This means eradication of the infection by antibiotic treatment sometimes combined with surgery in patients with infectious diseases such as tuberculosis, leprosy, recurrent pulmonary infections, and osteomyelitis. Chronic inflammatory diseases such as rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, and Crohn's disease can nowadays be treated by effective antiinflammatory drugs such as methotrexate and biologicals, especially those directed against tumor necrosis factor (TNF) and interleukin-1 (IL-1). If these drugs can be used, effective suppression of SAA to low or even normal serum concentrations is often possible. Autoinflammatory diseases such as familial Mediterranean fever, TNFreceptor-associated periodic syndromes, the hyper-IgD syndrome, and cryopyrin-associated periodic syndromes often respond to some of these biologicals, especially to anakinra that is directed against IL-1 [34] . Tocilizumab, an anti-IL-6 receptor antibody, directly suppresses the production of C-reactive protein and SAA by the liver [35] .
AL amyloidosis should be treated by eradicating the underlying plasma cell dyscrasia using chemotherapy, thereby decreasing the abnormally increased FLC blood level to the normal range [36] . High-dose melphalan followed by autologous stem cell transplantation (ASCT) in eligible patients has shown clear benefits [37] . In an American study, the low-risk group that was eligible for ASCT had a median survival of 4.6 years. One randomized clinical trial from France, however, seriously questioned the favorable results of high-dose melphalan followed by ASCT [38] . Meanwhile, many more studies of novel drugs, such as thalidomide, bortezomib, lenalidomide, pomalidomide, and MLN9708, have shown clear effects, often with the best effects in combination with dexamethasone [39] . Current treatment schedules stratify patients for different types of chemotherapy [32, 39] . The survival of responding patients still increases, but early deaths due to advanced cardiac dysfunction at presentation remain a big problem. The median survival of untreated patients with advanced cardiac involvement is 3-6 months and does not really change by any treatment. The search for an effective and less dangerous treatment will go on. Liver transplantation was the only available treatment in hereditary ATTR amyloidosis until recently, removing the source of 99% of the circulating mutated TTR. The median survival after liver transplantation indeed increased to more than 20 years, and the 10-year survival is about 85% [40] . However, this approach is not always successful, because ATTR amyloid sometimes progresses in the heart after liver transplantation. It looks as if wildtype ATTR amyloidosis takes over and further progresses in these transplanted patients. Because of this, patients with late disease onset (often males with cardiomyopathy) and patients with non-TTR-Met30 mutations are deemed less eligible for liver transplantation [40, 41] .
Besides treating the underlying precursor-producing process, it is also important to provide supportive treatment for decreased organ function caused by amyloid deposition. Involvement of more than one vital organ frequently results in an intangible knot of serious problems such as edema, hypotension, dyspnea, cardiac failure, renal failure, fatigue, and loss of weight. Late in the disease process, it is often difficult and sometimes impossible to find an acceptable solution for all problems. In order to get the best results of all treatments for the individual patient with amyloidosis it is necessary that all medical specialists involved closely collaborate and that one of them coordinates the collective efforts.
Emerging Treatments
Novel treatment modalities are currently being developed and tested in clinical trials. Not only reduction of the precursor supply but also interference with the formation and deposition of amyloid and removal of amyloid deposits are treatment modalities being investigated.
Gene silencing is a novel and highly promising way to reduce the supply of precursor protein: selective interference with the process of gene transcription and translation to the TTR protein by antisense or small interfering RNA in the liver results in very low (about 10-20% of normal) TTR serum levels [42, 43] . This might also be a useful approach in AL amyloidosis by targeting the amyloidogenic light-chain messenger RNA, as has been shown to be effective in a plasmacytoma mouse model [44] .
Interference with amyloid formation by stabilizing the precursor protein has been shown to be successful in ATTR amyloidosis: both diflunisal and tafamidis stabilize the TTR tetramer and thereby reduce the normal breakdown of tetramers into dimers and monomers that are amyloidogenic. Two clinical trials showed a reduction in the progression of polyneuropathy in patients with hereditary ATTR amyloidosis [45, 46] . Also, in AA amyloidosis, interference with polymerization and deposition of amyloid fibrils in extracellular tissue by eprodisate (a glycosaminoglycan-mimetic drug) slowed the decline of renal function in a clinical trial [47] . The green tea extract epigallocatechin-3-gallate seems to have an inhibitory effect on the formation of AL and ATTR amyloid [48] . A German clinical trial has started to evaluate epigallocatechin-3-gallate in promoting the regression of residual cardiac damage in patients with AL amyloidosis who successfully completed chemotherapy.
The combination of doxycyclin and tauroursodeoxycholic acid was capable to stimulate the removal of ATTR amyloid deposits in mice. An Italian phase 2 study of this drug combination has been started in patients with ATTR amyloidosis [49] . This might also be a useful approach in AL amyloidosis by reducing fibril formation as shown in a transgenic mouse model [50] .
A different approach is to remove amyloid using conformation-specific antibodies [51] . A phase 3 trial in AL amyloidosis will start soon. Another interesting development is the combined use of a drug called CPHPC and anti-SAP antibodies. CPHPC [the abbreviation of (R)-1-[6-[(R)-2-carboxy-pyrrolidin-1-yl]-6-oxo-hexanoyl] pyrrolidine-2-carboxylic acid] is a drug that effectively depletes SAP from the circulation. This mechanism possibly stops accumulation of amyloid and may be useful for all types of systemic amyloidosis, although fibrinogenderived amyloidosis seems to respond best of all. The Royal Free group in London recently demonstrated in mice with AA amyloidosis that CPHPC followed by anti-SAP antibodies resulted in a quick removal of almost all AA amyloid from the tissues [52] . A pilot study in 15 patients with different types of systemic amyloidosis safely triggered clearance of amyloid deposits from the liver and some other tissues [53] .
Disease Monitoring
Disease monitoring is essential. Repeated measurements are useful to monitor the effect (or lack of effect) of treatment and detect progression as early as possible. Two different processes should be monitored.
The first is the underlying production of the precursor proteins SAA in AA amyloidosis and the involved FLC in AL amyloidosis. Successful treatment should bring the SAA levels down continuously below 3 mg/l, and the involved FLC levels and the κ/λ ratios should fall within the reference ranges.
The second is amyloid accumulation, the clinical 'amyloid load'. Quantitative clinical measurements are available for monitoring this clinical 'amyloid load', such as the serum (and urine) markers NT-proBNP and troponin T (for the heart); serum creatinine, creatinine clearance, albumin, and proteinuria (for the kidney), and AP, γ-glutamyl transferase, albumin, and bilirubin (for the liver). Besides, there are other measurements, such as measurements of ventricular wall thickness, ejection fraction, conduction, and rhythm (for the heart); of heart rate variability, the Ewing battery, gastric emptying (autonomic function), and the sizes of enlarged organs, such as the liver, spleen, and kidneys. Imaging techniques, such as SAP scintigraphy ( fig. 3 ) for an overview and subcutaneous fat tissue samples ( fig. 1 ) for an inside tissue view are also suitable for monitoring [12, 54] .
